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Introduction 1
The recent emergence of long read sequencing approaches such as single molecule real-time 2 sequencing and nanopore technology enables near-perfect assemblies of even enormous genomes like 3 that of the salamander 1 (genome size = 32 Gb, contig N50 = 300 kb) and the improvement of existing 4 assemblies for complex genomes 2-4 . Structural gene annotation of protein-coding sequences is a post-5 assembly process that is essential for further research 5 . To date, hundreds of plant and animal genome 6 resources have been released in public databases and used for subsequent functional genomics 7 analyses, evolutionary analyses, and biotechnology applications. However, there are continuous 8 reports of annotation errors, including imperfect gene models and missing functional genes 6-8 . These 9 reports demonstrate that the accidental omission of essential genes that are correctly located in 10 assembled genomes but not annotated in the gene model can ultimately generate biases in downstream 11 studies. 12
Pre-existing gene models are continuously being improved using manual, computational, and 13 experimental analyses for model species such as human, mouse, and Arabidopsis. Since the Gene 14
Encyclopedia of DNA Elements (GENCODE) project was initiated, a total of 25 and 17 updates for 15 whole gene models of human and mouse have been accomplished, respectively (see URLs). In plant, 16
The Arabidopsis Information Resource (TAIR) is maintaining genomic resources for the model plant 17
A. thaliana, currently providing the 11 th updated gene model, (Araport 11, see URLs). In addition, 18 groups conducting genome sequencing projects of major animal and plant species continuously 19 improve the quality of their gene models (see URLs). However, the majority of published gene 20 models remain inaccurate and likely incomplete, and have not been updated beyond the initial version. 21
In general, the potential function of a gene is predicted based on the identification of conserved 22 domains or motifs. Studies focusing on specific genes or families often begin working with annotated 23 7 genome length 1,127 Mb) were determined as target regions for the re-annotation of FAR1 and NLR, 1 respectively ( Supplementary Fig. 2 and Supplementary Table 3 ). On average, 34 FAR1 and 327 NLR 2 genes considering representative loci were identified in previously annotated gene models of the 50 3 plant genomes ( Supplementary Table 3 ). In addition to these, we identified 117 (346%) and 148 4 (45%) new FAR1 and NLR genes using TGFam-Finder, respectively, indicating that only 23% (34 of 5 151) of FAR1s and 69% (327 of 475) of NLRs were annotated in previous studies ( Fig. 2a , 6 Supplementary Fig. 3a , and Supplementary Table 3 ). Specifically, 104 (89%) and 108 genes (73%) of 7 the newly annotated FAR1 and NLR genes were located in genomic regions without any genes in the 8 existing models (Supplementary Fig. 4 and Supplementary Table 4 ). In addition, TGFam-Finder found 9 intact gene structures in regions containing previously annotated partial FAR1 and NLR genes that 10 have no start or stop codons ( Supplementary Table 3 ). TGFam-Finder newly annotated 31 FAR1s 11 (26%) and 69 NLRs (43%) based on protein or transcriptome evidences in the new gene models 12
( Supplementary Table 5 ). 13 Compared to the number of genes in the existing gene models, we found a large number of new 14
FAR1s in 18 of the 50 genomes, including 12 dicot and 5 monocot plants, which was more than a 3-15 fold increase, or more than 100 new FAR1s ( Fig.2a ). Specifically, 7 and 19 FAR1s were annotated in 16 the existing model of carrot and maize genomes, but TGFam-Finder identified 142 and 383 new 17 FAR1s in carrot and maize, respectively, a more than 20-fold increase relative to the number of 18 existing genes ( Fig. 2a and Supplementary Table 3 ). In the wheat genome, we detected more than 19 3,000 new FAR1 genes. For the new gene model of NLRs, we also found a number of genes in 14 20 plant genomes (9 dicot species), which is a more than 1-fold increase or more than 200 genes 21 ( Supplementary Fig. 3a and Supplementary Table 3 ). Although only three NLRs were annotated in 22 existing gene model of Selaginella genome, 56 (>18-fold increase) more NLRs were correctly 23 detected by TGFam-Finder in the same genome sequences ( Supplementary Fig. 3a and 24 Supplementary Table 3 ). Furthermore, we identified over 1,000 more NLRs in genome sequences of 25
Eucalyptus and wheat, respectively. These results indicate that gene models for FAR1 and NLR were 26 greatly improved using TGFam-Finder compared with the extremely biased existing models omitting 27 8 many of those genes. 1
To study phylogenetic relationships of FAR1 and NLR in the 50 plant genomes, we performed gene 2 clustering and phylogenetic analyses of the new gene models containing the newly annotated genes 3 and the existing gene models ( Fig. 2b, Supplementary Fig. 3b and Supplementary Table 6 ). The gene 4 clustering analyses among the new gene models of 50 plant genomes revealed that an average of 48 5 (41%) new FAR1 genes and 20 (13%) new NLR genes did not cluster with existing genes 6 ( Supplementary Table 6 ). Overall, the number of FAR1s in new clusters was significantly larger in 7 monocots than in dicots ( Fig. 2b) . These results indicate that a large number of the newly annotated 8 genes, especially FAR1 in monocots, belonged to new subfamilies distinguished from the other 9 subfamilies of the existing gene models. Furthermore, phylogenetic analyses of FAR1 and NLR in 10 various plant genomes revealed that a large number of newly annotated genes were distinctly grouped 11 in specific lineages. This means that certain gene clades were never annotated in earlier studies ( Fig.  12 2c, Supplementary Fig. 3c and 4) . 13 14 Annotation of C2H2 zinc finger and homeobox genes in animal genomes. 15
We performed re-annotation of C2H2 zinc finger and homeobox gene families in 50 animal 16 genomes ( Fig. 3 and Supplementary Fig. 5 -6). A total of only 0.6% and 1.7% of the animal genomes 17 (average genome size 1,652Mb) were used as target regions for the re-annotation of C2H2 zinc finger 18 and homeobox genes, respectively (Supplementary Fig. 5 and Supplementary Table 7 ). An average of 19 117 (47%) and 22 (14%) additional C2H2 zinc finger and homeobox genes, respectively, were newly 20 annotated in the 50 animal genomes ( Supplementary Table 7 ). Specifically, 75% (88 and 17) of the 21 new C2H2 zinc finger and homeobox genes did not overlap with any previously annotated genes, 22
indicating that majority of the newly annotated genes were located in new chromosomal regions 23 where no genes had been identified in earlier studies ( Supplementary Table 8 ). We observed many 24 partial C2H2 zinc finger and homeobox genes in existing gene models of several invertebrate 25 genomes in contrast to the result of re-annotation of plant genomes. In that regions containing those 26 partial genes, TGFam-Finder identified new or their intact gene structures ( Supplementary Table 7 ). 27 9 Our analyses revealed that over half of the new C2H2 zinc finger (54%) and homeobox genes (66%) 1 were annotated based on protein or transcriptome evidence, indicating that a great number of new 2 genes were identified by obvious evidence ( Supplementary Table 9 ). We found a number of new 3 C2H2 zinc finger (> 1-fold increase compared to the number of existing genes or 100 additional 4 copies) in 24 of the 50 animal genomes including 17 genomes of mammalian species (Supplementary 5 Table 7-8). In particular, we observed 133 (23%) and 227 (47%) newly identified C2H2 zinc finger 6 genes in human and mouse genomes, respectively, and 77 (33%) new homeobox genes in the human 7 genome (Supplementary Table 7 -8). Together with the re-annotation of FAR1 and NLR in plant 8 genomes, these results confirm that TGFam-Finder significantly improved the existing gene models of 9 C2H2 zinc finger and homeobox genes in the animal genomes by identifying new gene structures 10 absent in the existing gene models. 11
Phylogenetic comparisons of C2H2 zinc finger and homeobox gene families using the new gene 12 models revealed that the many (36%) newly annotated C2H2 zinc finger genes were clustered as 13 unique clades, suggesting that those were derived from newly identified lineages that were absent in 14 existing models ( Fig. 3b , Supplementary Fig. 6b and Supplementary Table 10 ). Moreover, 15 phylogenetic trees of C2H2 zinc finger and homeobox genes in the human genome revealed 16 significantly expanded lineages containing a small number of previously annotated genes and a large 17 number of newly annotated genes ( Fig. 3c and Supplementary Fig. 6c ). We also found remarkably 18 expanded or newly constructed lineages of C2H2 zinc finger and homeobox gene families in other 19 animal genomes including mouse ( Supplementary Fig. 7 ). 20 21
Validation and expression of the new gene model 22
We tested the accuracy of the new gene models by comparing the new gene models to UniProt 17 23 and NR 18 databases ( Supplementary Fig. 8 and Supplementary Table 11 -12). We determined that 24 sequences in NR and UniProt databases matched a percentage of the newly annotated genes ranging 25 from, 56% (C2H2 zinc finger) to 61% (NLR), and 39% (FAR1) to 57% (NLR), respectively, covering 26 more than 80% of the sequences in those databases ( Supplementary Fig. 8 ). For all gene families, the 27 10 matched percentage of newly annotated genes was significantly lower than that of previously 1 annotated genes because of relatively low coverage of ab-initio genes ( Supplementary Fig. 8 ). 2 However, we also found a large portion of previously annotated genes perfectly matched to the 3 sequences in NR and UniProt, suggesting that many of the previously annotated genes were already 4 present in those databases and these made higher coverage of the previously annotated genes. 5 ( Supplementary Fig. 9 ). 6
Swiss-Prot of UniProt is a database consisted of experimentally validated gene sequences 17 . In total, 7 we detected that 25 and 1 newly annotated homeobox and C2H2 zinc finger genes in the human 8 genome had identical sequences in Swiss-Prot, respectively ( Supplementary Table 13 ). This may 9
indicate that functional protein-coding genes were recorded in Swiss-Prot based on experimental 10
evidences but yet annotated their gene structures from the genome sequences. When we compared 11 previously annotated genes to SwissProt, the majority of perfectly matched genes to sequences of 12 SwissProt was enriched in specific genomes such as human, mouse and Arabidopsis, suggesting that 13 SwissProt primarily contained sequences of those species ( Supplementary Fig. 10 ). Thus, we 14 performed identification of new genes having strong homology to sequences in the SwissProt (>95% 15 identity and 100% coverage) and found many newly annotated genes (65 and 34 of homeobox and 16 C2H2 zinc finger, respectively) in animal genomes ( Supplementary Fig. 11 ). 17
To validate the expression of the newly annotated genes, we performed RT-PCR and sequencing 18 analyses using human, mouse and rice RNA samples ( Fig. 4 , Supplementary Fig. 12 and 19 Supplementary Table 14 ). We designed 47, 43, and 79 primer sets for newly annotated genes in 20 human, mouse and rice, respectively. Of these, 19, 15, and 50 genes (40, 35, and 63%) were 21 confirmed expression and accurately validated by comparison between sequenced PCR products and 22 annotated gene models. These results verify that the newly annotated genes are truly present and 23 expressed as mRNA in each genome ( Fig. 4 and Supplementary Table 14) . 24 25
Annotation run-time using TGFam-Finder 26
The full annotation of a large genome can take weeks to complete and requires enormous 27 11 computational resources 19 . To evaluate the performance of TGFam-Finder, we estimated the actual 1 annotation run-time using TGFam-Finder for representative plant and animal genomes ranging from 2 ~200 Mb to ~3 Gb using a desktop computer (32 Gb memory and 4 CPU). In total, it took 2 hours for 3
NLRs of the Selaginella (~200 Mb) to 44 hours for C2H2 zinc finger of the human (~3 Gb) for 4 annotation, indicating that completion of gene model construction could be finished within 2 days for 5 the large genome such as human using a standard desktop computer (Table 1) . Specifically, we 6 verified that annotation of FAR1 in maize (~2 Gb) and C2H2 zinc finger in chicken (~1 Gb) required 7 less than 12 hours. This indicates that users can efficiently annotate their target genes within half a day, 8 with the exception of several huge genomes. 9 10
Genomic features of the newly annotated genes in plant and animal genomes 11
The genomic positions of the newly annotated genes could be classified into the following three 12 categories: (1) non-overlapping, (2) overlapping with existing genes without target domain(s), and (3) 13 overlapping with existing partial target genes ( Supplementary Fig. 13 ). For non-overlapping genes, a 14 large portion of those were overlapped with repetitive sequences ( Supplementary Fig. 14a-b ). 15
Interestingly, the non-overlapping FAR1s in plant genomes were remarkably resided in the regions 16 containing DNA-transposons. We observed that a significant number of NLRs in plant genomes co-17 localized with LTR-retrotransposons ( Supplementary Fig. 14c ). We also found that many C2H2 zinc 18 finger were located in regions consisting of unclassified transposable elements in animal genomes. 19
Considering previous reports describing annotation processes 19, 20 , our results suggest that repeat 20 masking before gene annotation could have a crucial impact in generating imperfect gene models. In 21 the case of newly annotated genes overlapping with existing genes without target domain(s), we 22 observed that the newly annotated gene families were primarily overlapped with hypothetical genes 23 without known domain(s). This result suggests that several newly annotated genes were ignored in 24 previous annotations due to the presence of uncharacterized genes in the same region (Supplementary 25 Fig. 15 ). 26
27

Conclusion 1
The construction of accurate gene models after genome assembly is a critical step in genomic and 2 functional analysis. Previous methods have been shown to be ineffective, hampered by imperfect 3 methodologies, resources, and knowledge. Here, we described TGFam-Finder, a highly efficient tool 4 to implement automatic structural annotation for target-gene families of interest. We evaluated and 5 demonstrated the competitiveness of TGFam-Finder through the re-annotation of FAR1 and NLR 6 gene families in 50 plants and C2H2 zinc finger and homeobox families in 50 animals. We only used 7 publicly available resources, and identified large numbers of newly annotated genes that were omitted 8 in the existing gene models (346, 45, 47, and 14% more FAR1, NLR, C2H2 zinc finger, and 9 homeobox genes, respectively). The newly annotated genes were significantly supported by protein or 10 transcriptome evidences. A total of 25 newly annotated homeobox and 1 C2H2 zinc finger genes in 11 the human genome were identical to known functional gene sequences. We performed RT-PCR and 12 sequencing analyses to confirm and validate the expression and accuracy of newly annotated genes in 13 human, mouse, and rice genomes. 
Annotation overview of TGFam-Finder 2
TGFam-Finder was developed to run in the Linux OS environment. For novices in bioinformatics-3 based analyses, we constructed an install package that allow auto-installation of prerequisite tools to 4 run TGFam-Finder ( Supplementary Fig. 1 ). Through the install package, prerequisite tools, including and aligns between the proteins and matched target regions using Exonerate 21 . 'Transcriptome-based 32 annotation is implemented in the order of reference-guided transcriptome assembly using Tophat and 33
Cufflinks 24 , and annotation via ISGAP pipeline 23 . For ab-initio gene prediction, the training set is 34 constructed using the protein sequences of target or allied species having target domain(s), and the 35 gene models generated from protein mapping and transcriptome-based annotation. Then, Augustus 22 36 generates the gene model based on the training set. Finally, the final gene model is generated by 1 combining the initial gene models in order from the transcriptome-based annotation, protein mapping, 2 and ab initio prediction. 3 4 Structural annotation of target-gene families in plant and animal genomes 5 FAR1 and NLR were re-annotated in 50 plant genomes, and C2H2 zinc finger and homeobox genes 6 were re-annotated in 50 animal genomes using TGFam-Finder (Fig. 2-3, Supplementary Fig. 3 and 6,  7 and Supplementary Table 3 and 7). We used assembled genomes and proteins described in 8 Supplementary  Table  1 and 2 as 'TARGET_GENOME' and 9 'PROTEINS_FOR_DOMAIN_IDENTIFICATION' in 'RESOURCE.config'. After performing 10 functional annotation using InterproScan-5 27 for the proteins, generated tsv files for the proteins were 11 used as 'TSV_FOR_DOMAIN_IDENTIFICATION'. PF03101 (FAR1), PF00931 (NLR), PF00096 12 (C2H2 zinc finger), and PF00046 (homeobox) were selected as 'TARGET_DOMAIN_ID' for 13 classification of target-gene families. 'EXTENSION_LENGTH' and 'MAX_INTRON_LENGTH' 14 were determined as 30kb. We extracted target genes in the existing gene models of plants or animals 15 having the Pfam IDs in the tsv files, and then merged them to use as 'RESOURCE_PROTEIN'. 16
Location of transcriptome, gff3, and coding DNA sequences of the plant and animal genomes were 17 also recorded in 'RESOURCE.config' (Supplementary Table 1 -2). 18
19
Phylogenetic analyses of the new gene models. 20
To perform phylogenetic comparison of new gene models for FAR1 and NLR in plant genomes, and 21 C2H2 zinc finger and homeobox genes in animal genomes, we implemented gene clustering using 22 OrthoMCL 31 among the new models of each gene family (Supplementary Table 6 and 10). Then, the 23 amino-acid sequences of target domains in each genome were aligned using ClustalW2 30 , and the 24 phylogenetic trees of each gene family in the specific plant and animal genomes were constructed 25 with MEGA7 32 using the neighbor-joining method ( Supplementary Fig. 4 and 7) . 26 27
Comparison of newly annotated genes and sequences in NR and UniProt 28
We compared new gene models of each gene family as query to sequences in NR and UniProt 29 databases as subject using BLASTP. We counted the number of newly annotated genes that matched 30 to NR and UniProt databases considering an e-value score of 1e -5 and more than 80% subject 31 coverage ( Supplementary Fig. 8 and Supplementary Table 11 -12). To verify the number of newly 32 annotated genes with strong homology to sequences in those databases, we used cut-off values greater 33 than 98% identity and 100% subject coverage ( Supplementary Fig. 9 ). We estimated the number of 34 newly annotated genes with strong homology to functional genes in Swiss-Prot using cut-off values 35 greater than 95% sequence similarity and 100% subject coverage ( Supplementary Fig. 11 ). 36 1 Validation of newly annotated genes using RT-PCR and sequencing analyses 2 MCF-7 and MCF-10A cell lines (ATCC, Teddington, UK) with LEC and ADSC (LONZA, Basel, 3 Switzerland) were used for gene-expression verification and sequence validation for newly annotated 4 genes in the human genome. Mouse embryonic fibroblasts (MEFs) (Stemgent, MA, USA) and two 5 tissues (brain and spleen) from 6 to 8-week-old C57BL/6J mice (Koatech, Gyunggi-do, Korea) were 6 used for analyses of the mouse genome. C57BL/6J mice were maintained according to the policies 7 approved by CHA University. Seedlings of the rice (Oryza sativa) cultivar Nakdong were used for 8 validation of rice FAR1 and NLR genes. Total RNA was extracted from rice seedlings, cultured 9 human cells, and each mouse tissue using TRIzol ® reagent (Invitrogen, USA). The total RNA was 10 treated with DNase I and reverse-transcribed with Oligo (dT) primers and Superscript II (Invitrogen), 11 according to the manufacturer's instructions. Subsequently, RT-PCR was conducted to analyze gene 12 expression using the designed gene primers for each family. We used GapdH of human and mouse 13
and Actin of rice as controls. PCR products were purified with AccuPrep ® PCR purification kit 14 (Bioneer, Korea) or gel elution. Finally, the PCR products were sequenced using ABI3730XL 15 (Applied Biosystems) as described in Supplementary Table 14.  16 17
Identification of genes overlapping with repeat sequences 18
To annotate genomic sequences containing non-overlapping genes along with previously annotated 19 genes described in Supplementary Figure 13 , we performed repeat annotation for the genomic regions 20 using RepeatModeler and RepeatMasker (see URL). De novo repeat libraries of each plant and animal 21 genome were constructed using RepeatModeler, and then RepeatMasker was used to repeat masking 22 on the repeat libraries. We considered that if specific repeat sequences covered more than 50% of a 23 non-overlapping gene, the gene resided in the genomic region containing the specific repeat sequence 24 ( Supplementary Fig. 14) . 25 26
Computational resources used to run TGFam-Finder 27
To estimate annotation run-time of TGFam-Finder, we performed annotation using a desktop 28 computer (Intel Core i7-4770 CPU @ 3.40GHz, 8 processors, and 32Gb memory) for NLR families in 29 S. moellendorffii, C2H2 zinc finger gene families in G. gallus, FAR1 genes in Z. mays, and C2H2 zinc 30 finger and homeobox genes in H. sapiens (Table 1) . For efficient test, we randomly extracted and used 31 ~10Gb of whole transcriptome data of G. gallus, Z. mays, and H. sapiens as described in 32 Supplementary Table 1 and 2. For the annotation of FAR1 and NLR genes in 50 plant genomes, and 33 C2H2 zinc finger and homeobox genes in 50 animal genomes, we used two of our computer servers 34 with the following specifications (1) Intel Xeon CPU E5-2697 v2 @ 2.70GHz, 48 processors, and 35 264Gb memory, and (2) Intel Xeon CPU E5-4650 v2 @ 2.40GHz, 80 processors, and 512Gb memory. 36
19
The re-annotation of each gene family was finished within one week using those servers. 
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